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Dental imaging techniques have significantly evolved over the last four decades. While
standard bite-wing radiography (SBW) offers a preferred method for caries detection, the
evolution of stationary intraoral tomosynthesis offers a low radiation alternative, with en-
hanced image quality. Although traditional computed tomography generates improved con-
trast compared to SBW, the rise of cone-beam computed tomography (CBCT) allows for
a compact medical imaging device, widely used in clinics due to its diagnostic accuracy.
The isotropic aspect of CBCT images improves the detection of tooth fractures, root canal
treatments, and surgery [14]. This thesis aims to analyze and optimize the designs of two
dental imaging modalities, stationary intraoral tomosynthesis (s-IOT) and a digital bench-
top CBCT device. The s-IOT distortion altered the reconstruction of images, and the digital
bench-top CBCT device was successfully created. Future research is addressed.
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Medical Imaging explores the mechanisms by which energy interacts with the human
anatomy by causing either absorption or scattering [36]. The detected photons contain
information about anatomical structures, which are then processed into a meaningful image
using reconstruction software. The variety of dental imaging modalities available on the
market today can perform a range of diagnostic functions.
Standard bitewing radiography (SBW) is a common radiographic procedure used to
diagnose caries. However, SBW is dependent on the operator for accurate and consistent
results [26]. Stationary intraoral tomosynthesis (s-IOT) is an alternative technique developed
by Dr. Otto Zhou’s research laboratory at the University of North Carolina, Chapel Hill
and the UNC Adams School of Dentistry. The current prototype uses carbon nanotube field
emission at seven individually controlled X-ray focal spots to produce enhanced sensitivity
in the regions between between teeth or proximal overlap when compared to SBW [26], [16].
Similarly to SBW and s-IOT, is the cone beam computed tomography (CBCT) which
rotates 360 degrees around a patient’s head to project an X-ray radiation source (source) in
the shape of a cone. The source projects a single cone-beam covering a large volume of area on
a flat panel detector (FPD) to produce an image with high resolution and detailed anatomical
structures [36]. CBCT techniques have not been proven to enhance the detection of caries
because of low spatial resolution and beam hardening artifacts. However, CBCT is useful
for implant planning, endodontics, maxillofacial surgery, craniofacial bone structures, root
canal treatment, apical surgery, and orthodontics [31], [14], [52], [46]. Currently, the CBCT
technique requires more patient radiation exposure than standard bite-wing radiography
and suffers from scatter. The implementation of a carbon nanotube (CNT) emitter offers a
solution. The cold cathode design of CNT allows for the construction of a multi-beam source
capable of projecting several smaller cone-beam fan angles through an object onto the flat
panel detector.
This paper aims to provide insight into the significance of detector distortion on intra-
oral dental techniques. This research investigates the feasibility of constructing a prototype
multi-beam cone beam CT system by retrofitting an existing CBCT device with CNT tech-
nology.
1
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1.2 Production of X-rays within a Thermionic Source
A typical X-ray tube generates heat from the cathode, composed of filament, while an
electric current is applied. Thermionic emission occurs within the X-ray tube, causing the
release of electrons. The high voltage between the cathode and anode causes the electrons
to accelerate from the anode to a focal spot. The energy created from this collision includes
both heat and X-rays. These X-rays are directed due to the anode’s tilt to the exit window
[36]. When electrons are released from the cathodes and accelerated towards an anode, they
interact with the biomaterial and decrease in speed [36]. The energy lost is in the form of
released X-ray photons [36]. The deceleration of electrons causes bremsstrahlung radiation,
which can include all the kinetic energy of the deflected photon and produce a continuous
spectrum of X-ray radiations [36]. A schematic of this X-ray radiation source is shown in
Figure 1.1.
These traditional X-ray sources have a slow temporal response and substantial physical
size [58]. Carbon nanotube X-ray sources offer a solution through their highly controllable
electron beam of a well-defined distribution [58]. Carbon nanotubes are composed of cylindri-
cal molecules, which include a single-layer of carbon atoms [11]. The molecular interactions
between carbon nanotubes provide high strength and low weight materials with high conduc-
tive electrical and thermal properties [11]. Through field emission, CNT cathodes produce
electrons at room temperature with only a moderate voltage [26]. Traditional X-ray tubes
use thermionic cathodes, which operate at over 1000 °C, while field emission cathodes are a
type of cold cathode that emit electrons due to the high electric field on the carbon nanotubes
[27]. By removing the risk of overheating, CNT sources can be constructed into spatially
distributed, multi-beam field emission X-ray source arrays [32]. The sequential triggering
of X-ray sources within a multi-beam source produces a scanning X-ray beam to image an
object from multiple projection angles without mechanical motion [32].
Figure 1.1: Illustration of Thermionic X-ray Source [5]
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1.3 Stationary Intra-oral Tomosynthesis study and Back-
ground
In 1895, Otto Walkhoff acquired the first dental radiograph, two weeks after William
Rontgen discovered the X-ray imaging technique [57]. Since this early discovery, signifi-
cant strides have been taken to improve dental imaging including dental tomography, dental
tomosynthesis, digital radiography, panoramic radiography, and cone beam computed to-
mography (CBCT).
1.3.1 Standard Bitewing Radiography
Radiography is an imaging modality that projects X-ray shadows of an object onto a
detector [36]. While the beam is exposed to an anatomical region, incident X-rays atten-
uate differently through various structures. The X-ray beams that do not fully attenuate
pass through the patient and are relayed on the detector, thus forming a two-dimensional
radiographic image [36].
In dental imaging, standard bitewing radiography (SBW) stands as a widely utilized
function to detect caries that are difficult to diagnose clinically. Caries, if left untreated,
often result in more serious dental problems such as endodontic treatment or extractions
[35]. Furthermore, proximal and occlusal dental caries currently boast only moderate (about
60 percent) detection rates of proximal lesions [35]. Bader et. al. found the median sensitivity
(or ability to detect a patient with the disease) for proximal and occlusal caries was 49 percent
and 27 percent respectively [35]. The specificity (or ability to find a negative patient) was
88 percent for proximal caries, and 95 percent for occlusal caries [35]. Since SBW is two-
dimensional, and the contrast between mineralized tissue and minerals lost from caries is
minimal, the super-positioning of various tissues creates images with little difference in gray
scale [35]. Geometry, as a result, is critical and can cause incorrect caries detection and an
overlap of teeth within the image or closed contacts [35].
1.3.2 Computed Tomography
The first computed tomographic images were generated in the 1970s [36]. Computed
Tomography, or CT, consists of using a computer to process X-rays at various angles while
rotating the X-ray tube around the anatomical region of interest. A detector, located op-
posite the X-ray source, collects the transmission projection data, and then synthesizes the
data points into tomographic images [36]. This technique provides up to ten times greater
contrast than conventional tomography and eliminates superimposition of structures located
both deep and superficial to the anatomical region of interest [59]. The isotropic spatial
resolution allows for axial, coronal, and sagittal images, resulting in 3D image data sets [36].
Greater X-ray tube power, advanced reconstruction algorithms, and lowered scan time have
allowed for advancements and wide diagnostic use within lung and cranium imaging. As
a diagnostic tool, CT is useful for imaging salivary glands, detecting jaw diseases, implant
assessment and more [59]. The high radiation dose, high cost and limited spatial resolution
has made computed tomography less common for caries detection.
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1.3.3 Panoramic Imaging
Panoramic imaging (PI), or panoramic radiography, offers a low dose and cost-effective
imaging technique [10]. PI is a two-dimensional extra-oral dental X-ray examination that can
capture the entire oral region with a single image [55]. The focal trough, or image layer, is
the three-dimensional layer where the images are sharp [12]. Both the X-ray source and film
are connected and rotated along this curved image layer to produce a visualization of broad
anatomic regions for examining jaws, teeth, temporomandibular joint, maxillary sinus, and
the stylohyoid complex [12]. The use of PI is practical for imaging the developmental stages
or anomalies [10]. PI is the preferred method for revealing inflammatory or traumatic bony
lesions and is the most comfortable for patients due to its less intrusive imaging procedure
[10]. Furthermore, panoramic radiography requires little time to complete and provides a
radiation dose equal to four bitewing intraoral films [12]. However, since the image is rotated
around the focal trough, structures behind or in front of this layer will appear magnified,
distorted, or reduced [12]. Since PI is an extraoral technique, it does not resolve the fine
anatomic detail present in intraoral techniques [12]. Like tomography, patient positioning
is critical to obtaining a quality image [10]. Improper positioning can lead to geometric
distortion, overlapped images of teeth, or magnification if not addressed [12].
1.3.4 Tomosynthesis
Tomosynthesis imaging is a form of limited-angle tomography. One method of tomosyn-
thesis is TACT, or tuned-aperture computed tomography, which relies upon the optical
aperture theory [59]. TACT eliminates projection geometry limitations, and reduces pa-
tient radiation dose. TACT synthesizes three-dimensional representations of an anatomical
region from multiple two-dimensional radiographic projections. Using a fiducial-marker on
the tooth surface, the geometry of the TACT system of the X-ray source and detector are
calculated [37]. An algorithm then reconstructs the data to generate image slices [59], [56],
[41]. This technique has been used for dento-alveloar imaging, and is efficient in diagnosing
root fractures, periodontal bone loss, third impact molars, radicular fractures, and implant
site assessment [59], [37], [56], [41], [43], [46], [44]. In contrast, the reliability of TACT to
detect caries remains questionable [45], [72], [42], [17].
Despite TACT showing encouraging experimental results, it is not routinely used in
dental settings because of its longer reconstruction times, the time required to change the
X-ray source position for image acquisition, and slow detector speeds. The University of
North Carolina Department of Physics and Astronomy, led by Dr. Otto Zhou, and the UNC
Adams School of Dentistry developed stationary intraoral tomosynthesis (s-IOT) with strong
clinical result for overcoming TACT’s limitations [26].
Carbon nanotube field emission X-ray source arrays are an innovative technology using
cathodes positioned within a compact array. With the X-ray sources capable of being con-
figured into a source array, an anatomical region of interest is quickly scanned from multiple
angles. Image reconstruction compiles two-dimensional images into a stack of image slices
with each slice containing 0.5 mm of object thickness [26]. The lack of mechanical motion
allows for shorter scan times and improved spatial resolution in images. A s-IOT clinical
prototype within UNC Dental School was found to have adequate dose and spatial resolution
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for a clinical setting [26], [38]. The current, voltage, pulse width, and radiation field size all
match necessary standards for clinical use. In addition, recent studies report that the use
of s-IOT to detect interproximal caries could eliminate the need for retakes by producing
pseudo-open contacts. In contrast, SBW procedure is still highly reliant on operator skill
to avoid super-imposition between proximal contacts [26]. Overlap of anatomical structures
decrease detection of caries and can require retakes that are time-consuming and expose
patients to increased radiation [26].
1.3.5 Distortion within clinical s-IOT
The clinical s-IOT device is constructed to have the multi-beam source located on a
mobile arm. A collimator tube is used to limit the X-ray beam to the anatomical region of
interest and contains the sources. A holder is placed at the end of the device to minimize
motion (Fig. 1.2). The holder has a bottom surface which will magnetically couple to the
end of the s-IOT collimator, thus maintaining the required source-to-detector distance. A
visual of this experimental set-up is shown in Figure 1.3.
Figure 1.2: Solidworks view of bite-wing holder used to minimize motion during s-IOT
imaging. File created by Dr. Christy Inscoe.
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Figure 1.3: Illustration of s-IOT clinical prototype located in UNC Dental Clinic [26]
The detector slides into the holder. In a clinical setting, the holder is positioned per-
pendicular to the roof of the mouth, in such a way that X-rays attenuate through the teeth
and soft tissue and converge upon the detector. In dental imaging, distortion remains to
be a key concern. Through multiple scans, the detector may experience distortion due to
biting; thus impacting the geometry of the system by offsetting the original location of the
sources with respect to the region of interest (ROI).
An ex vivo reader study on interproximal and occlusal caries detection further explored
the use of s-IOT within a clinical setting [16]. Conclusions from this study suggests that
s-IOT reduces proximal contact and overlap compared to standard bitewing radiography. An
additional study used the device within an IRB-approved human imaging study conducted
at the UNC Adams School of Dentistry. The work concluded that the sensitivity reflects the
ability of the system to correctly identify carious tooth surfaces expressed as a proportion
[13]. The validity of these results may be impacted if distortion from repeated biting of the
sensor holder changed the s-IOT device’s reconstruction geometry.
1.4 Bench-Top Cone Beam CT research and Background
1.4.1 A Brief History
In 1967, Sir Godfrey Hounsfield invented the first CT scanner at EMI Central Research
Laboratories [1]. By the late 1990s, dental imaging was revolutionized by the development
of a dental CBCT. Although the theoretical and mathematical basis of the cone-beam CT
reconstruction geometry was well understood long before, the cost and clinical feasibility
of the technique were doubted [62]. Later, the University of Michigan investigated the
incorporation of flat panel detectors (FPD), increasing image quality and decreasing the
cost [51]. By 2002, the first prototype utilizing the new indirect conversion detector was
designed [50], [51]. Today, there are 279 CBCT models available from 47 manufacturers in
twelve countries [30].
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1.4.2 Background in Cone Beam Computed Tomography
A CT scan consists of a series of images depicting an anatomical structure generated
by an algorithmic reconstruction from multiple radiographs. Unlike previous CT scanners,
which utilized a fan beam X-ray to collect two-dimensional data and reconstruct it into a
three-dimensional image, CBCT uses a cone or pyramid-shaped X-ray beam with a flat panel
detector for 3D imaging reconstructions [36]. CBCT is a form of isotropic imaging, meaning
the voxels have the same dimensional length in every direction of the image data [64]. This
allows for the data to be reformatted into various slice orientations to create a 3D image
that displays anatomical features from various directions [64]. As a result, high resolution
and high contrast isotropic images are produced [36].
The image quality of the CT system is impacted by the spatial resolution because it
discriminates between structures located in close proximity [25]. A clear assessment of small
details within an image is essential for correct diagnoses, such as in the case of caries. While
current CBCT models achieve a spatial resolution of 0.1 mm or less, many factors such as
focal spot size and distributions, detector surface area, magnification factors, motion within
the system, and the number of raw images influence the clarity of the images [60], [36].
When the X-ray focus size increases, the spatial resolution is reduced. A smaller detector
and reconstruction filters can also create image data sets with higher spatial resolution and
lower noise and lower absorbed radiation dose [60]. Contrast resolution is greatly impacted by
slice thickness, reconstruction method, filters, and noise levels [36]. The larger the thickness,
the less noisy the images due to combining the signals from more detected quanta. The
resulting three-dimensional images taken by a clinical dental CBCT located at the UNC
Adams School of Dentistry in Chapel Hill can be seen in Figure 1.4.
Figure 1.4: Three-dimensional view of Rando Phantom obtained at UNC Adams School of
Dentistry by Dr. Christy Inscoe and Dr. Otto Zhou.
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Current applications of CBCT include implant planning, endodontics, maxillofacial
surgery, craniofacial bone structures, root canal treatment, apical surgery, and orthodon-
tics [31] [14], [52], [46]. Additional research is required for the application to reliably detect
dentoialveolar conditions; however, recent studies investigating bench-top based CBCT (or
local CT) systems have shown potential to detect caries [6], [7], [9], [8]. A study conducted
by N van Daatselaar et. al. compared a local CT to two-dimensional digital radiography
when analyzing for proximal caries [7]. The researchers found that a local bench-top CT
system outperformed other radiography methods for detecting caries and concluded that as
low as 14 source images are needed for diagnosis [7]. Another study found no difference in
detection in carious lesions but did report a more accurate depth assessment for caries [63].
Furthermore, the local CT system did improve the sensitivity, with no change in specificity
[63]. A literature review of research concludes that CBCT has not been proven as a reliable
method for detecting proximal caries and very little data exists for occlusal caries [18].
1.4.3 Limitations of Current Dental CBCT
Despite CBCT making massive strides in recent years, it still experiences significant
limitations within clinical settings from scatter, inefficiency for low attenuation areas, and
greater radiation dose, compared to standard bitewing radiography.
A primary X-ray passes directly through the patient and attenuates in the process [36].
Scattering refers to a photon or particle being deflected from its original trajectory [36]. A
scattered X-ray will not pass directly through, therefore carrying little information about the
anatomy [36]. This creates a gray value where it does not belong and reduces the contrast.
A simplified visual of this can be seen in Figure 1.5. Beam hardening occurs when a beam,
operating at a spectrum of energies, attenuates and scatters within an anatomical region
[36]. The mean energy of the primary photons left will become higher due to the selective
attenuation of lower energy photons [36]. While filtration can be applied to narrow the
spectrum of the beam, this will require a greater amount to power and longer exposure
times [64]. Together, beam hardening and scatter can lead to image artefacts which create
streaks or cupping around highly attenuating regions like metal objects, such as crowns or
orthodontic appliances [54], [64].
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Figure 1.5: Schematic of Primary X-rays and Scattering X-rays within an object
Radiation to the patient is another key area of improvement in medical imaging. While
the effective dose is found to be at least an order of magnitude less than reported doses for
conventional CT, it has substantially higher radiation than conventional panoramic imaging
[34]. Recent studies have concluded the average effective dose for periapical images to be
2.7−24.3µSv, 13−560µSv for medium sized field of view (FOV) CBCT and 43.2−200µSv
for digital full-mouth series [4], [40], [33], [19]. A comparison of cone-beam computed tomog-
raphy (CBCT) scan modes to a conventional set of orthodontic radiographs (CORs) found
one set of CORs still entails 2-4 times less radiation than one CBCT [39]. Computed tomog-
raphy also has been found to have greater radiation amounts than conventional radiography
for both standard facial scans and dental implant planning [20], [3].
CBCT dose varies substantially depending on the device, FOV, and selected technique
factors [34]. For example, a review of literature indicates that the effective doses from
CBCT examinations centered on the parotid and submandibular glands are similar to those
calculated for plain radiograph sialography when a 15 cm FOV is selected and operated at 10
mA and 80 kVp [29]. The FOV is an important scanning parameter influencing the radiation
dose and image quality [67]. While a larger field of view will improve image quality, it will
also increase the total exposure of the patient. The risk for ionizing radiation exposure that
CBCT presents must be considered when designing a new device.
1.5 Recent Advancements
Foremost, this project aims to analyze the impact of distortion on the previously con-
ducted study at the UNC Adams School of Dentistry and investigate how new geometries
can be used in image reconstructions. Insights on how modified reconstruction geometries
can enhance image quality will be useful for later versions of this device. The latter half of
this project aims to create a scanner that reduces scatter within images and decreases total
patient exposure. By decreasing the size of the cone beam, the amount of scatter photons
is reduced, producing an image with improved contrast. By sequentially triggering several
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smaller cone beams, the likelihood of cupping artefacts is minimized without sacrificing im-
age quality. As the volume of the beam is minimized, the required number of photons for
a quality image can be reduced while still achieving the same signal-to-noise ratio (SNR)
value, lowering the amount of radiation exposure. With a single CNT X-ray source we can
simulate the multi-beam X-ray source by movements along a vertical stage. This paper will
discuss the feasibility of moving a singular X-ray source and determining the design of the
system geometry. The study aims to focus on the use of CBCT in diagnostic applications,




2.1 Evaluation of s-IOT Research
A previous research study conducted in stationary intra-oral tomosynthesis was exam-
ined for validity. This was done by investigating 74 data sets of DICOM images collected.
These images were then graded based on contortion of the image and amount of lost infor-
mation.
This evaluation used ImageJ to collect various metrics of DICOM images used in the
s-IOT study. Within the technical report, 50 participants were approved for imaging and
32 patients were imaged with a s-IOT prototype device, developed by Xin-Vivo Inc. (now
called Surround Medical Systems), and a standard bitewing technique (SBW) [13]. Both
premolar and molar images were collected for a total of 217 surfaces [13].
Original system geometry spaced the seven sources along the x-axis, each 14 mm apart.
The unit used 70 kVp and 7 mA with a 50 ms exposure time for each projection [16]. The
sensor is a adult (size-2) digital intraoral CMOS X-ray sensor with an active area of 35.52 x
26.64 mm and a frame rate of 1.3 cycles/s [26]. The source is included into a first-generation
s-IOT clinical prototype system created by Xin-Vivo Inc. [26]. A source-to-detector distance
of 400 mm was used to optimize angular span of X-ray focal spots [26], and is maintained
by a magnetically coupled holder, which attached to the end of the collimator (Fig.1.3).
Distortion due to biting could result in both the translation of these sources with respect to
the ROI, or offset along the y-axis.
In order to account for this discrepancy, each image was graded on collimation angle,
and information loss. Collimation angle was approximated by the presence of the rectangular
collimator along the image edges, created during image acquisition. Furthermore, the amount
of dark space along the borders of an image was noted. These measurements were taken
using ImageJ Analyze functions and are reflected in Figure 2.1. A table of the respective
grading scale can be seen below.
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Figure 2.1: LEFT: Angle measured for geometry distortion , RIGHT: Measurements recorded
to access information loss along perimeter of image
Grade Angle Border Width
Good Less than 0.3 ◦ Less than 100 pixels
Fair Between 0.3 ◦ to 2 ◦ Between 100 and 300 pixels
Poor Greater than 2 ◦ Greater than 300 pixels
From this information, poor images could be reconstructed by calculating the new ge-
ometry of the seven sources through a simple trigonometry equation (Eq. 2.1 and Eq. 2.2)
applied using the approximated tilt angle.
Ynew = Yold sin(θ) (2.1)
Xnew = Xold cos(θ) (2.2)
These new geometries were then inputted into the reconstruction software. Reconstruc-
tions included a stack of images, parallel to the detector, allowing medical professionals to
scroll through the anatomy [16]. The images were evaluated for improvement along inter-
proximal contacts, where caries typically occur. The ROI Manager function in ImageJ was
utilized to plot the gray values for the same region. Figure 2.2 provides a visual of this
comparison function.
Figure 2.2: LEFT: Modified Geometry of Patient 267 with region of interest boxed, RIGHT:
Original Geometry of Patient 267 with region of interest boxed
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2.2 Overall system configuration for bench-top CT scan-
ner
The bench-top CBCT system was designed using a singular X-ray source. Through
collecting measurements of real lab equipment, Solidworks files were created and assembled
into a final rendering of the device.
A MN10 translation stage was attached vertically to a rotating gantry. Opposite the
stage is a PaxScan 2520 Detector connected to a Command Processor and power supply.
Fastened to the gantry are two plates, of about 3 cm thickness, which are attached to both
the base of the stage and detector base plate. The detector base plate served as a mounting
surface for the detector holder. The height of this current fixture allowed the detector holder
to be positioned a little over 10 cm above the base plate. A bi-slide carriage, attached to
the vertical stage, will carry the X-ray source to various positions along the z-axis. This
will simulate a linear multi-beam array. LabView technology will program this incremental
movement of the source along the stage. The source was connected to this carriage via
a metal resting arm. A C-shaped arm will provide additional support for the source. A
collimator was attached via pins and will be adjustable in order to test various geometries
for the multi-beam system.
The source-to-detector distance is critical to image quality. A shorter SID will reduce
scatter but shrink the FOV causing a truncation of data to form an image without all desired
anatomical regions. Furthermore, the position of the vertical coverage of the detector was
important to ensure the entire region of interest of the phantom was scanned.
2.2.1 Compact CNT X-ray tube
This study used a single-source CNT-cathode (Fig. 2.3). While typical kV ranges in
dental CBCT range from 50 -120 kV, most dental CBCT devices operate at 90 kV [30].
Figure 2.3: Single source CNT X-ray tube
Similar CNT source exit windows can provide 2 mm of aluminum filtration and are
operated to produce 7 mA of tube current. The CNT electron emission allows the source to
be controlled by an electric field. This means the application or removal of a voltage allows
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for the source to be turned on or off within microseconds. It is attached to the bi-carriage
plate by a C-arm, and this stage will move the source along the z-axis, or axis of rotation.
2.2.2 Collimation Design
A collimator is attached to the X-ray source to minimize radiation exposure to only
the active area of the detector. While the beam will spread out to reach the entire detector
along the x-axis, collimation will control the fan along the z-axis. As mentioned, the amount
of detector converged upon along the z-axis aims to be approximately 3 cm. By limiting
the volume of the patient’s tissue that is irradiated, stray photons that reduce the quality
of the X-ray image are minimized. As mentioned in Section 2.2.1, the X-ray focal spot is
approximated to be at the center of the X-ray source, and such X-rays expand outward
from this point. Two metal plates are located outside the aluminum exit window. The 7
mm pinholes allow for attachment of a base plate onto the source. Two metal plates are
designed to move along the z-axis due to slots located to the peripherals of the exit window.
Small spacers can be placed between the plates to create a desired collimation size. The slot
provides the ability to change collimation amount in order to test various geometries. The
source will be incrementally moved up the stage, such that its total distance allows the X-ray
beam to cover the entire phantom. This distance will differ based on the size of the space
between the plates. A visual of this can be seen in Figure 2.4. As the collimation increases,
the volume of the projected beam decreases, which causes less scatter but greater scanning
time required.
Figure 2.4: X-ray Beams collimated to detector
Additional studies are underway in Dr. Zhou’s laboratory to determine the ideal cone
angle for the multi-beam detector. This is a critical factor for understanding the collimation
amount and calculating a lateral distance to move the detector after each projection. These
projections will cover the entire active area of the FPD.
2.2.3 Detector
This system will use a 2D-array detector to produce and record projection images. The
CBCT device utilizes a flat panel detector, which comprises of a pixel array of amorphous
silicon. The flat panel detector offers a higher spatial resolution and is less bulky compared
to image intensifiers [64]. The PaxScan 2520 is a digital X-ray detector which utilizes a total
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active pixel area of 17.9 x 23.8 cm. The active region of the detector is approximated to be
37.5 mm from the bottom edge of the detector holder. Temporal resolution was optimized
by making the source to detector (SID) distance as small as possible while still allowing the
X-rays to cover the entire phantom. An acquisition time of 10 and 40s is common in CBCT
today, although faster and slower scan protocols exist [53]. The detector can operate in a
range of 1-7.5 frames per second (fps). The detector holder rests on a raised metal platform.
2.2.4 Phantom Imaging
An Alderson Radiation Therapy Phantom (Rando Phantom) will be used in the ex-
perimental testing of this device to mimic human attenuation within the skull. The Rando
phantom has a length of approximately 165 mm and a width across of 123 mm (along
thickest region). Other classic CBCT machines maintain a FOV of 13 cm x 17 cm in order
to eliminate any truncation of data.
Figure 2.5: LEFT: CBCT phantom reconstruction of yz axis, with region of interest of 8 cm
x 13 cm, RIGHT: CBCT phantom reconstruction of xy axis
A previous CBCT scan of the Rando phantom showed a 8 cm x 13 cm in the yz axis can
encompass the entire oral and maxillofacial region of interest examined in clinical analysis
(Fig. 2.5). Since this region is of the highest concern, it will be positioned at the center of
the detector where there exists the best flux. The vertical positioning of the phantom will
be controlled by a stage which will ensure that the object is aligned with the center of the
axis of rotation and positioned at the isocenter.
2.2.5 Geometrical Positioning
The Rando Phantom is placed at the center of the gantry, which will rotate 360 degrees.
In order to cover the desired width of detector, the detector stage must be at a height which
allows for the lowest source position to irradiate the bottom of the active region for the FPD.
Since the oral region needs to be in the center of the detector, the location of the detector
along the vertical axis must allow full image acquisition to occur. Due to limitations of
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the translation stage, the source can be located no lower than 143 mm from the plate, or
approximately 5 inches to the center of the source from the base plate. In addition, the
distance between the FPD and X-ray source must allow for a FOV which encompasses the
maxillofacial and oral region while still being experimentally possible in a lab.
Chapter 3
Results
3.1 s-IOT Evaluation Results
We found that 24 percent of the evaluated data suffered from significant distortion.
Seven images and a total of 26 surfaces were excluded. Of the seven discarded images, two
did not receive a ranking of poor (Images 8 and 42). Large bite deformation was noted by
the study for images 58, 89 and 100. Significant information loss was also noted for image
58, matching this evaluation’s findings.
Figure 3.1: Breakdown of results from s-IOT analysis
17
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Three images in the bottom ten percent of quality were included within the study (400-
4, 130-2, and 93-1) as were six images in the lower twenty percent of our grading system
(80-4, 26-2, and 26-4). These six images were reconstructed using an improved geometry.
The gray scale was then measured along inter-proximal regions between teeth to evaluate
for changes within the reconstruction.
Figure 3.2: Gray Scale Comparison for the six poor-graded images used within the previous
study
CHAPTER 3. RESULTS 19
Figure 3.3: Region Manager selection for each plot shown in Fig. 3.2, TOP (from left the
right): 26-2, 26-4. MIDDLE (from left to right): 80-4, 400-4. BOTTOM (from left to right):
130-2, 93-1
Figure 3.4: Expanded view of patient 400, image 4. LEFT: Stock Geometry reconstruction.
RIGHT: Modified Geometry reconstruction
Both Figure 3.2 and Figure 3.3 display the region examined and the resulting gray scales
for both the modified and stock images. Examinations of data-set 400-4 can be seen in Fig.
3.4.
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Figure 3.5: Patient 267, image 1, TOP: Stock Geometry Reconstruction, BOTTOM: Modi-
fied Geometry Reconstruction
Figure 3.6: Gray Scale Comparison for ROI of patient 267 for Regions A, B and C
Patient-image 267-1 was also analyzed due to having the largest distortion angle mea-
sured (Fig.3.5). Three regions of interest (A, B, and C) were evaluated for differences in
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gray scale, as shown in Figure 3.6.
3.2 Bench-top CBCT Final Design and Results
The previously mentioned materials were assembled to make a bench-top CBCT device.
Figure 3.7: Geometry of System with SOD of 440 mm, ODD of 200 mm and SID of 640 mm
Figure 3.8: Region of Interest along the xy plane
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Figure 3.9: Region of Interest along the yz plane
Based on this analysis, the limitations of the translation stage can position the source
as far as 134 mm from the base plate, with the resting plate 77 mm from base plate. In order
to irradiate a 2.8-3 cm width of detector, the beam must fan between 2.51 - 2.69 degrees
(Fig. 3.9). Based on the measurements provided, the active region on the detector should
be located 37.5 mm from the bottom of the detector holder. Raising the detector to a height
that allows the lower collimated rays to hit the screen at 119 mm from the plate could offer
a solution for obtaining these dimensions in an experimental setting. This would require a
plate holding the detector to be 81.5 mm tall.
Figure 3.10: Final system design from side view
CHAPTER 3. RESULTS 23
Figure 3.11: Final system design from top view
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Figure 3.12: Final system design with Rando Phantom
A final rendering maintained these geometries (Fig. 3.10, Fig. 3.11 and Fig. 3.12).
Chapter 4
Discussion and Conclusion
Dental imaging can perform a wide range of diagnostic and clinical tasks, which vary
based on the imaging modality used. While stationary intraoral tomosynthesis provides a
cost-effective and accurate way to detect caries, cone beam CT provides a variety of dental
procures requiring greater depth analysis. The creation of s-IOT has found encouraging
results for reducing proximal overlap; however, distortion of the system geometry could
impact image quality.
An evaluation of a previous s-IOT found that images with significant detector distortion
(greater than 3 degree angle) made up 9 percent of the data used, and 20 percent of the
overall data. Current SBW radiography has a low sensitivity in detecting caries accurately
and this minimal improvement in contrast for s-IOT could enhance a dentist’s ability to
correctly diagnose regions between teeth, which suffer from greater anatomical overlap [35].
Reconstructions of inadequate images using the new geometries only displayed a slight alter-
ation in gray scales (Fig. 3.2). Patient-images 26-2 and 26-4 were of the lowest collimation
angle and displayed similar gray scale plots for both the modified and stock geometry (Fig.
3.2 and Fig. 3.1). Additionally, patient-images 93-1, 400-4 and 130-2 all were ranked within
the bottom ten percent of images analyzed and show a greater amount of difference between
gray scales. This may mean that alterations to reconstruction geometry are only useful for
extreme cases of detector distortion. Patient 267-1, with a measured distortion of -5.79 de-
grees, was also evaluated at three regions. To untrained eyes, it is difficult to evaluate the
differences between the two reconstructions (Fig. 3.5). An analysis with ImageJ showed that
alterations in gray values did occur, specifically to Regions B and C (Fig. 3.6. This suggests
that there is a shift in gray values in locations prone to caries.
Overall, these findings have a limited strength due to only evaluating six data points.
This study could be improved upon by the consultation of radiographers. By assessing
the ability of trained professionals to detect oral conditions the sensitivity, specificity and
accuracy could be determined. This would provide quantitative evidence of whether the
new geometry improved overall image quality, rather than simply changed the gray values.
Further investigation with large data sizes would provide greater illumination of the impact
of system geometry on reconstruction quality. Future iterations of the s-IOT device need to
consider a detector holder design which minimizes distortion due to biting.
In the second half of research, the virtual creation of a single-source CBCT machine
was rendered using Solidworks 2014 (Fig. 3.10, Fig. 3.11 and Fig. 3.11). Due to a wide
25
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cone angle and the large coverage required for each scan, CBCT suffers from both scattering
and a larger radiation dose than radiography. The creation of a CNT multi-beam CBCT
device would allow for several projections, with smaller cone angles, to be collected by a
flat-panel detector. This would decrease the cupping scatter caused from larger cone angles.
By improving the scatter, this CBCT device could reduce the presence of metal artefacts
present due to crowns or orthodontic appliances, which hinders other CBCT devices. Also,
CBCT is less reliable for detecting conditions, like oral cancer, which occur in soft tissue.
A deduction in scatter could improve the contrast and increase CBCT’s use as a diagnostic
tool. The use of multiple smaller fan beams through a region could also allow for less overall
exposure to the patient.
Originally the FOV was hoped to be held to a previous CBCT device standard of 13
cm x 17 cm. This size of coverage requires a device with a source to object distance (SOD)
of 530 mm and a detector to object distance (ODD) of 200 mm. In an experimental setting,
this could create difficulty with the rotation of the gantry and cause greater focal spot blur.
While some practitioners may prefer a full field of view, a medium field of view offers enough
data for a range of procedures [15]. Research suggests that a 8 cm x 8 cm scan for maxillary
placement or 14-cm diameter scan for mandibular posterior implants would be proper [21].
Endodontics can utilize a 4 cm x 8 cm area; however, higher resolution is preferable at this
size [21]. For both temporomandibular joint dysfunction and third molar impacts, a region
of 8 cm x 14 cm is suggested in order to view all anatomic structures within the sagittal,
axial, or coronal planes [21]. Therefore, creating a CBCT system with a medium FOV would
still be practical in a diagnostic setting, and reduce radiation in targeted anatomical regions
Analyzing a traditional CBCT image with ImageJ found that the oral and maximillofa-
cial region could be encompassed with a 8 cm x 13 cm along the yz axis and 13 cm x 15 cm
along the xy axis (Fig. 2.5). By focusing on a field of view of only 13 cm x 15 cm, a source
to detector distance of about 640 mm can be held (Fig. 3.8). This includes an SDD of 440
mm and ODD of 200 mm. Ensuring the oral region of interest (8 cm x 13 cm) in held to the
center of detector, the gantry can be securely rotated about the object (Fig. 3.7). Larger
SODs can lead to sharper images because of reduction of focal spot blur, but a shorter SOD
gives a higher geometric magnification [53]. When the ODD is as short as possible, focal
spot blur is reduced and the field of view is increased [53]. As a result, these dimensions
will provide for a FOV which is as large as possible, while still minimizing source-to-detector
distance and object-to-detector distance. After additional analysis of the yz plane data, a
detector plate should have a height of at least 81.5 mm for proper scanning for the bottom
jaw of the phantom. Further investigation of power supply and high voltage connections will
additionally need to be conducted before the scanner can be produced.
Due to Covid-19 restrictions, the measurements used within this study were deduced
from images taken of the current CBCT machine and are prone to uncertainty. During the
next steps for creating this device, careful on-site measurements should allow for greater
confidence in the vertical position of the detector. Later papers will further characterize this
prototype design and determine the feasibility of multi-beam CNT X-ray source. Current
research around cone beam and fan beam angle optimization for the prototype device will
provide further guidance to source geometry for bench-top set-up.
In conclusion, both s-IOT and a multi-beam CBCT systems present the opportunity
for greater clinical use. Stationary intraoral tomosynthesis is an emerging dental technology,
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useful for the detection of caries. The previous study comparing s-IOT and SBW was reliable
in discussing s-IOT superior performance for caries detection in proximal overlaps. Later
iterations of the device should build a detector holder capable of reducing the impact of
distortion. Also, the preliminary stage of a new CBCT device was virtually designed. The
public health implications of this new device include a reduced radiation dose to the patient
and improved assessment of oral conditions previously missed due to insufficient contrast
and scattering.
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